& Key message Compared with previously reported data, we found that plant litter decomposes faster in river ecosystem than on forest floor in a comparable period, but the dynamics of metallic elements during litter decomposition in river are likely to share common patterns with the corresponding ones in decomposing litter on forest floor. & Context Litter decomposition in terrestrial lotic ecosystem is one of the most important pathways for metallic elements cycling, while little information is currently available about the dynamics of metallic elements in the decomposing litter of lotic ecosystems.
Introduction
Metallic elements, such as potassium (K), calcium (Ca), and magnesium (Mg), are essential plant nutrients that are crucial to plant physiology, whereas other metallic elements, such as zinc (Zn), copper (Cu), and aluminium (Al), can have toxic effects on organisms when they exceed certain levels. Thus, the dynamics of metallic elements are highly important for plant communities and ecosystem function (Chapin et al. 2002) . The decomposition of litter as a mechanism of nutrient release is a key process in the functioning of both natural and modified ecosystems (Jonczak 2013; Berg and McClaugherty 2014) . Plant litter decomposition in inland waters contributes significantly to global nutrient cycles ), particularly in flowing waters, such as forest streams and rivers (Battin et al. 2008 (Battin et al. , 2009 ). In forest rivers, plant litter is an essential part of the food web and ecological functioning (Wallace et al. 1997; Gessner et al. 1999) because it provides large inputs of energy and nutrients to an aquatic ecosystem that typically exhibits low levels of primary productivity (Wallace et al. 1997) . Litter decomposition in forest rivers is not only an important component of the material cycling and energy flow of the entire forest ecosystem but also plays a critical role in nutrient exchange between aquatic and terrestrial ecosystems. However, most studies investigating metallic element dynamics in decomposing litter have been conducted on forest floors, and little information is currently available regarding the dynamics of such elements during litter decomposition in forest rivers, particularly in alpine forest rivers, which are important water sources.
Rates of litter decomposition in running water and the simultaneous release of elements are much higher than those in upland ecosystems because of stronger leaching and flushing effects (Perakis and Hedin 2002) and that the process of element release could be affected by multiple factors, such as an element's chemical characteristics (Staaf and Berg 1982) , litter quality (Leroy and Marks 2006) , microenvironments, and water characteristics (Rueda-Delgado et al. 2006; Martínez et al. 2014) . Major elements, such as K, Ca, and Mg, were reported to release during litter decomposition on forest floors (Staaf and Berg 1982; Edmonds and Tuttle 2010) , whereas trace elements, such as sodium (Na), manganese (Mn), Zn, and Cu, preferentially retain and show increasing concentrations during the early stages of litter decomposition on forest floors (Edmonds and Tuttle 2010; Jonczak et al. 2014; He et al. 2015) . Plant litter species and plant functional traits are the predominant factors controlling litter decomposition at both local and global scales (Cornwell et al. 2008; Makkonen et al. 2012 ); litter quality should thus significantly influence the dynamics of elements in decomposing litter. Specific elements can show different release patterns in different types of litter (Jonczak et al. 2014) . Moreover, litter species can affect the microbial and invertebrate assemblages in rivers and thus exert indirect effects on litter decomposition and element release (Leroy and Marks 2006; Abelho 2008) .
Some of the water physicochemical characteristics, such as pH, flow velocity, and nutrient availability, may affect the release of metallic elements (Landre et al. 2009 ). Alpine forests are usually subjected to low temperatures and undergo considerable freeze-thaw cycles. The formation, coverage, and thawing of snow cover and the accompanying freezethaw cycles in winter could influence the characteristics of river water (e.g., flow velocity and nutrient availability) and the communities and activities of decomposers, which could further alter the rate of litter decomposition and the pattern of element release (Baldy et al. 2007 ). Thus, elements may display different release patterns in different seasons and over different periods. However, the available data primarily focus on the process of litter decomposition on forest floors or in small forest streams; few studies have documented this process in forest rivers, particularly in alpine forest ecosystems, which makes it difficult to draw definitive conclusions about the role of litter decomposition in the processes of nutrient cycling in forest ecosystems.
To understand the dynamics of metallic elements during litter decomposition in alpine forest rivers, a litter decomposition experiment was conducted to investigate the release patterns of K, Ca, Na, Mg, iron (Fe), Mn, Zn, Cu, and Al in decomposing foliar litter in an alpine forest river on the eastern Tibetan Plateau. Based on the freezing and thawing dynamics determined from our previous investigations at the study site, we divided an entire year into five periods (Zhu et al. 2012; Wu et al. 2014) . Specifically, we divided winter into three periods, which were designated as the "pre-freezing period," the "freezing period," and the "thawing period," according to our previous investigations (Wu et al. 2014 ). In addition, we designated April to August as the "growing season" and August to early November as the "late growing season." Element dynamics were investigated using freshly fallen leaves of the dominant riparian species (willow, Salix paraplesia Schneid; azalea, Rhododendron lapponicum (L.) Wahl.; cypress, Sabina saltuaria (Rehd. et Wils) Cheng et W. T. Wang; and larch, Larix mastersiana Rehder & E. H. Wilson) during the designated decomposition periods. The results will further our understanding of the mechanisms driving the dynamics of metallic elements in decomposing litter within flowing water. This new knowledge will also be useful for exploring the patterns of element cycling between forest aquatic and riparian ecosystems. (Zhu et al. 2012) . The study river is the primary drainage with a width ranging from approximately 3 to 7 m in a typical alpine forest into which small forest streams feed. Three plots were established as replicate sampling points along the river at an altitude of approximately 3600 m a.s.l. The riparian forest is a temperate coniferous forest, and the dominant tree species are larch, cypress, and fir (Abies faxoniana) interspersed with azalea (Rhododendron spp.), willow, and barberry (Berberis sargentiana) shrubs. The herbaceous plants are primarily fern (Cystopteris montana), Carex spp., and Cyperus spp. (Wu et al. 2014 ).
River water characteristics
On each sampling occasion during the 1-year experiment, the river water physicochemistry of the three selected plots was characterized: pH (pH 320, WTW GmbH, Weilheim, Germany), conductivity (HI 98311, Hanna Instruments, Woonsocket, RI, USA), and flow velocity (Martin Marten Z30 Current Meter) were measured in situ. Water samples were also collected from each plot using polyethylene bottles and were transported to the laboratory in refrigerated chambers for further analysis. The water samples were immediately filtered (GF/F glass fiber filter with 0.7-μm retention; Whatman International, Florham Park, NJ, USA) upon arrival at the laboratory. The pre-processed water samples were used to determine the bicarbonate concentration using the double indicator-neutralization method, phosphate (PO 4 ) concentration using the molybdate method, nitrate concentration using capillary ion electrophoresis (Agilent CE), and ammonium concentration using the indophenol blue method (Rice et al. 2012) (Table 1 ).
Experimental design
In October 2013, freshly fallen leaves from willow, azalea, cypress, and larch were collected from the riparian forest floor of the explored study site in two days at the time when the majority of the leaves fell. The collected foliar litter was airdried for more than 2 weeks at room temperature. Firstly, we weighed 10 g air-dried samples for each species with three replicates, and then oven-dried these samples at 65°C for 72 h to calculate the moisture correction factor and then analyzed to determine the initial nutrient concentrations and ratios (Table 2) . And then, for each litterbag of each litter species, air-dried foliar litter with a mass equivalent to 10 g of the oven-dried sample was weighed and placed into 20 × 20 cm nylon bags (mesh size 0.5 mm). In total, 540 litterbags (4 litter species × 3 plots × 3 replicates × 15 sampling events) were placed in the forest river. Three sample plots were selected along the upper reaches of the river, and the sample plots were approximately 2-3 km from adjacent plots. For each sample plot, 180 litterbags (4 litter species × 3 replicates × 15 sampling events) were placed in the river and tied to ropes that were fastened to stainless steel rods encased by polyvinyl chloride tubes. The litterbags floated on the river water and could move up and down with the wave action, similar to naturally fallen litter. 
Analytical methods and calculations
Oven-dried foliar litter from the initial samples was ground (using a 0.3-mm mesh screen) to quantify the starting total C, total nitrogen (N), and total phosphorus (P) concentrations. Total C concentration was determined using the dichromate oxidation-ferrous sulfate titration method, and N and P was analyzed using the Kjeldahl method (KND, Top Ltd., Table 1 River water flow velocity, pH, conductivity, bicarbonate (HCO 3 ), phosphate (PO 4 ), ammonium (NH 4 -N), and nitrate (NO 3 -N) in the study site during different periods (mean ± SE, n = 3)
Pre-freezing period 1.08 ± 0.21 7.14 ± 0.04 51.6 ± 0. Zhejiang, China) and spectrophotometry (TU-1901, Puxi Ltd., Beijing, China) method after digestion with sulphuric acid and hydrogen peroxide at 360°C, respectively (Lu 1999; Ni et al. 2015) . Once retrieved, the foliar litters were transferred to the laboratory, and the foreign materials in which were carefully selected by hand. After that, the litters were cleaned using deionized water and air-dried, and then oven-dried at 65°C to a constant mass and weighed. The oven-dried samples were ground in a mill with a 0.3-mm mesh screen to measure the elemental concentrations. The powdered foliar litter of both the initial and field samples was digested with a concentrated acid mixture of HNO 3 -HClO 4 (5:1, v/v) and heated at 160°C for 5 h (Xu et al. 2012 ). The concentrations of K, Ca, Mg, Fe, Mn, Zn, Cu, Na, and Al were determined using inductively coupled plasma spectroscopy (ICP-MS, IRIS Advantage 1000, Thermo Elemental, Waltham, MA, USA). The element release rate (R, % initial mass/month) throughout the litter decomposition process for each period was calculated as follows:
where M 0 and C 0 are the dry mass and element concentration of the initial foliar litter, respectively; M t-1 and M t are the dry mass of the litter remaining in the litterbags at the sampling times of "t-1" and "t" (t = 1, 2, 3, 4, 5), respectively; C t-1 and C t are the element concentrations in the remaining litter at the sampling times of "t-1" and "t" (t = 1, 2, 3, 4, 5), respectively; and ΔT t is the time interval (month) of each period (t = 1, 2, 3, 4, 5). The element release rates per month for the entire winter (R w ), entire growing season (R g ), and entire year (R y ) were calculated as follows:
where M 0 , M 3 , and M 5 are the litter dry masses of the initial, third, and fifth sampling times, respectively; and C 0 , C 3 , and C 5 are the litter element concentrations of the initial, third, and fifth sampling times, respectively; and ΔT w , ΔT g , and ΔT y is the time interval (month) of the winter, the growing season, and the entire year.
Statistical analysis
A one-way ANOVA with Fisher's least significant difference (LSD) test was used to identify significant (P < 0.05) differences in initial litter chemistry among the four litter species and the concentrations, contents, and release rates of elements among the different decomposition periods. A repeated measurement ANOVA with Greenhouse-Geisser correction was employed to test the effects of time, litter species, and their interactions on the release rates of elements throughout the entire year. Pearson correlation was conducted to test the relationship between water physicochemistry and element release rate across the whole year's incubation. Statistical analyses were carried out using SPSS 18.0 (SPSS Inc., Chicago, Illinois, USA) for Microsoft Windows. C total carbon, N total nitrogen, P total phosphorus. Different lowercase letters in the same column indicate statistically significant differences among the different litter types (P < 0.05) Fig. 1 Dynamics of daily mean temperature in litterbags and air throughout the entire year of litter exposure. The entire year was divided into five periods based on the freeze-thaw dynamics according to our previous investigations at the study site, and the samplings were conducted at the end of each period. The five periods are PP pre-freezing period, FP freezing period, TP thawing period, GS growing season, LGS late growing season 3 Results
Remaining litter mass
After 1 year of incubation, the four litter species underwent relatively rapid mass loss, with the average remaining dry mass ranging from 0 to 61.52 % of the initial dry mass depending on litter species (Fig. 2) . Willow was consistently the most rapidly decomposed litter, regardless of the decomposition period. Cypress litter followed with 46.06 % of its initial dry mass remaining after 1 year of incubation in the forest river, whereas the remaining dry masses of azalea and larch litter were similar at the end of the 1-year incubation.
Metallic element concentrations
K concentrations showed a consistent decrease during the year-long incubation regardless of litter species (Fig. 3a) . Ca concentrations increased during the pre-freezing period in all types of litter and then decreased, although a minor increase was observed during the thawing period (Fig. 3b) . Na concentrations increased in winter, reaching their highest levels during the thawing period but then decreasing in the ensuing growing season (Fig. 3c) . Mg concentrations in willow and azalea litters decreased at the end of the late growing season but increased in cypress and larch litters (Fig. 3d) . The concentration dynamics of Fe, Mn, Zn, Cu, and Al were similar throughout litter decomposition, showing a statistically significant (P < 0.05) increase at the end of the late growing season compared with the initial values, although some fluctuation was observed in other periods (Fig. 3e , f, g, h, i).
Metallic element release rates
Potassium showed relatively consistent release pattern, regardless of decomposition period and litter species, with 81.64-100 % of the initial content released depending on litter species at the end of the year; the release rate during winter was usually significantly (P < 0.05) higher than that in the ensuing growing season, with the exception of azalea litter (Fig. 4a) . Ca showed release pattern for the entire year, although negative release (accumulation) rates were observed in the pre-freezing period for azalea, cypress, and larch litters (Fig. 4b) . Na generally displayed negative release rates in the winter period but subsequent positive release rates in the ensuing growing season, regardless of litter species (Fig. 4c) . The release rate of Mg was much more dynamic, varying with litter species and decomposition period (Fig. 4d) . Mg was significantly released from willow and azalea litter for the entire year but showed minimal release from cypress litter. However, Mg accumulated in larch litter during almost all of the decomposition periods (Fig. 4d) . Fe, Mn, Zn, Cu, and Al in willow litter generally showed obvious release rate during the year-long incubation, but significant (P < 0.05) differences in release rates were observed among different periods (Fig. 4e , f, g, h, i). These metallic elements in azalea, cypress, and larch litters generally showed substantial negative release rates during winter, the entire growing season, and the entire year, and the content of which could be as high as 100-1151 % of the initial content after the 1-year incubation, depending on the element and the litter species (Fig. 4e , f, g, h, i). River water characteristics significantly correlated with the metallic element release rates during litter decomposition throughout the year-long incubation (Table 3 ). The temperature of the river water was one of the most important variables and significantly influenced virtually all of the element release Fig. 2 Dry masses of the remaining litter in litterbags at each sampling event in the forest river throughout the entire year of incubation. Values are means, with error bars representing standard deviations (n = 9). Different lowercase letters indicate statistically significant differences among different periods for a specific litter species (P < 0.05). IV initial value, PP pre-freezing period, FP freezing period, TP thawing period, GS growing season, LGS late growing season rates in all litter species. Water conductivity, flow velocity, and nutrient availability (e.g., HCO 3 , PO 4 , NH 4 -N, and NO 3 -N) were obviously related to element release rates, and were modulated by both element type and litter species (Table 3) .
Discussion
Our finding that the metal dynamics during litter decomposition in a lotic ecosystem are similar to previous observations on forest floors (Staaf and Berg 1982; Lomander and Johansson 2001) suggests that a general pattern may exist for the fate of metallic elements in decomposing litter in both terrestrial and aquatic ecosystems. However, litter mass loss was much higher in the river compared with the results observed in our previous study on the forest floor for a comparable period, and metallic elements in decomposing river litter showed some unique release patterns that could be affected by multiple factors.
K, Ca, and Mg are the essential macronutrients for plant growth. Although Na is not an important nutrient for all plants, it is an essential element for animals and litter decomposers (Geerling and Loewy 2008) . K, Ca, and Mg typically show release patterns in decomposing litter that are even more rapid than those of N and P (Prescott 2005) , whereas Na is likely to accumulate during litter decomposition (Edmonds and Tuttle 2010) . Elements are released from litter by either physical leaching or the breakdown of structural organic components by organisms. Different elements have different patterns of release over time, and elements are retained to different degrees in the litter structure. K could be lost easily through leaching, and it was found to be the most mobile nutrient in decomposing litter, with >80 % of the initial content released after 1 year of incubation on the forest floor (Edmonds and Tuttle 2010) , which is similar with our finding in river. The potential mechanisms underlying this high release rate may be the mobile characteristics of K. Similarly, leaching appeared to occur for Ca and Mg. In contrast, Na showed a pattern of accumulation in the early stages of litter decomposition. During litter decomposition, litter consumers must accumulate Na up to approximately 100-to 1000-fold The designated periods were divided based on the freeze-thaw dynamics according to our previous investigations at the study site over the litter they consume to maintain Na balance (Cromack et al. 1977) . Thus, Na usually showed a pattern of accumulation during litter decomposition and could fluctuate according to the Na balance of litter decomposers and consumers because neither insufficient nor excess Na would be unfavorable for decomposers and consumers and the carbon-release process (Jia et al. 2015) . Fe, Mn, Zn, and Cu are essential trace elements for plant physiology, but excess amounts of these elements, similar to Al, would be harmful. In general, the major pathways for the cycling of these metallic elements in terrestrial ecosystems are root uptake, litterfall, and the ensuing decomposition (Bergkvist 1987; Andersson et al. 1992) . A previous study found that the contents of Zn and Mn decreased by 24 and 43 % from the initial values, respectively, after 7 years in decomposing spruce needle litter on the forest floor (Lomander and Johansson 2001) . However, recent studies have suggested that a net accumulation of Mn, Zn, and Cu could occur in decomposing litter after 1 year of incubation on forest floors (Jonczak et al. 2014; He et al. 2015) , and these elements plus Fe and Al were also found to accumulate during river litter decomposition in this study. Numerous studies have demonstrated that the concentrations of most metallic elements in litter increase considerably as decomposition progresses (Windham et al. 2004; Du Laing et al. 2006) , and some studies have also suggested that metallic elements will be released when the content exceeds a certain threshold (Lomander and Johansson 2001; Edmonds and Tuttle 2010; Aponte et al. 2012) . The sorption of metallic metals in decomposition litter may be attributed to the potential mechanisms such as the formation of chelates and complexes at active sites on the organic molecules of decomposing detritus (Odum and Drifmeyer 1978) . Meanwhile, fungi in decomposing litter have been reported to be capable of accumulating significant amounts of the metals present in their external environment, even in unpolluted areas (Gadd and Griffiths 1978; Berthelsen et al. 1995) . Consistent with such studies, our research suggested that metallic element dynamics in decomposing river Metallic element release rates (percent initial mass/month) for the four foliar litter species investigated during different decomposition periods (mean ± SD, n = 9). Different lowercase letters indicate significant differences of element release rates for a specific litter species among different periods (P < 0.05). Negative values indicate accumulation rates during foliar litter decomposition. The designated five periods within 1 year were divided based on the freeze-thaw dynamics according to our previous investigations at the study site litter showed a release pattern similar to that of forest floors, indicating a general pattern for the fate of metallic elements during litter decomposition. Nevertheless, metallic elements displayed different release patterns in different periods and for different types of litter.
A repeated measurement ANOVA indicated that litter species, decomposition time, and the interaction of these two factors significantly (P < 0.001) affected the release rates of all the investigated metallic elements (Table 4 ). The release rates of metallic elements during litter decomposition typically follow different patterns, although some elements are always released in a similar manner, regardless of the litter species (Jonczak et al. 2014 ). Litter quality is always the dominant factor influencing litter decomposition (Zhang et al. 2008; Makkonen et al. 2012) , and metal-release patterns can also be strongly affected by the chemical composition of the initial DAT daily average temperature, defined as the mean value of the daily mean temperatures during each period; PAT positive accumulated temperature, defined as the sum of the temperature values above 0°C during each period; NAT negative accumulated temperature, defined as the sum of the negative temperature values during each period; FV flow velocity, Cond. conductivity. *P < 0.05; **P < 0.01; ***P < 0.001 litter quality (Jonczak et al. 2014) . Because element release is usually determined by the breakdown of structural organic components by litter consumers, the rate at which an element is released could thus be expected to be governed largely by the litter decomposition rate. With the progress of decomposition, litter quality changed and thus can vary largely in different decomposition periods, and this in turn can influence the decomposition process and the simultaneous element release pattern. Meanwhile, as bioavailability, decomposer community, and temporally variable environmental conditions can vary significantly during different periods with the progress of decomposition, thus both time and its interaction with litter species were tested to show significant effects on element release rates. Temperature has always been thought to be a key factor controlling litter decomposition both on forest floors (Aerts 2006; Salinas et al. 2011 ) and in lotic ecosystems (Martínez et al. 2014) . With constant moisture, temperature in lotic ecosystems is likely to be one of the primary factors controlling microbial and decomposer activities (Martínez et al. 2014) , thereby modulating the litter decomposition process and the simultaneous process of element release. The dynamics of metallic elements are related to chemical characteristics, such as solubility and mobility (Staaf and Berg 1982) , and thus, metallic elements with higher mobility (e.g., Ca and Na) may be less influenced by water flow velocity. Similarly, because pH typically influences the solubility and mobility of metallic elements during litter decomposition, changes in pH may have little influence on Na or Fe but can significantly influence some other metallic elements. Moreover, the release rates of metallic elements could also be significantly affected by other factors, such as conductivity and nutrient availability, because such factors are usually strongly correlated with microbial and litter consumer activities.
Conclusion
In summary, the results of this study suggest that K, Ca, and Mg are generally released from nearly all types of litter during the first decomposition year, whereas Na, Fe, Mn, Zn, Cu, and Al are only released from willow litter and accumulate in azalea, cypress, and larch litters after 1 year of incubation. The dynamics of these metallic elements during litter decomposition could be strongly influenced by litter species, decomposition period, and river water characteristics (e.g., temperature, pH, flow velocity, and nutrient availability). The similarity between the dynamic patterns of metallic element release in the decomposing litter of lotic ecosystems and forest floors suggests that a general pattern for the cycling of metallic elements may exist across different ecosystem types. Moreover, given that an excess amount of some metallic elements, such as Zn, Cu, and Al, will be harmful to plants and the ecosystem as a whole, the net accumulation patterns observed for such metallic elements in the decomposing litter of flowing water suggests that some species of litter could act as an efficient metal "cleaner" for ecosystem's metal purification in future ecological engineering. These findings are useful for both further investigations of element cycling across aquatic and terrestrial ecosystems and the control of hazardous materials in water conservation areas, such as alpine biomes. 
